Introduction
Speckle shearing interferometry, often termed shearography [1, 2] , is a full-field non-contact optical technique, usually used for the qualitative measurement of changes in the displacement gradient caused by surface and subsurface defects. A speckling pattern formed by illuminating an optically rough surface with an expanded coherent laser beam. In shearography this speckle pattern is optically mixed with an identical but displaced, or sheared, speckle pattern using a shearing device, and viewed through a lens, forming a speckle interferogram at the camera surface. The shearing device commonly used for shearography is a Michelson interferometer with a tilt applied to one of the mirrors [1] . Correlating speckle interferograms obtained before and after object deformation yields correlation fringes sensitive to displacement gradient in the shear direction. Phase-stepping techniques [3] are often used to extract the phase information, and therefore the displacement gradient information, from the speckle interferograms.
Speckle Pattern Photography [4] is a general term for image processing techniques that determine displacement ofa speckle pattern in order to determine displacement and deformation fields. This paper uses the Optical Flow Field technique [5] to determine the displacement. In this technique it is assumed that intensity changes at individual camera pixels, before and after deformation, is due to the motion of the speckle pattern and that this motion of the speckle pattern is a direct result of displacement at the object surface. The advantages of this approach over the more conventional discrete correlation technique [4] are discussed. To fully characterise the surface strain requires the measurement of six components of displacement gradient. This is composed of two out-of-plane and four in-plane displacement gradient components. The shearography technique can directly measure the out-of-plane displacement gradient using illumination and viewing directions, which are collinear and normal to the object surface. The measurement ofthe in-plane displacement gradient components, using shearography, requires illumination, or viewing, of the object from a minimum ofthree directions and a coordinate transformation ofthe measured displacement gradient components [6] . Speckle pattern photography is sensitive to the in-plane displacement [7] and this parameter may be differentiated to yield the in-plane displacement gradient.
In this paper a combined shearography and speckle pattern photography instrument is described which can fully characterise the surface strain from a single viewing direction. Shearography is used to measure the out-of-plane components of displacement gradient and speckle pattern photography is used to measure the in-plane components of displacement gradient. Results are presented of surface strain measurement made with this combined instrument.
Theory -Shearography
Shearography is a full field optical technique that can be used for the measurement of displacement gradient. The component of displacement gradient that is measured by shearography is determined by the sensitivity vector, which is the bisector of the illumination direction and the viewing direction, and by the direction of the applied shear. The out-of-plane components of displacement gradient can be measured directly by utilizing collinear illumination and viewing from a direction normal to the object surface [8] . Tn practice collinear illumination and viewing is difficult experimentally so illumination at a small angle to the normal to the object surface is usually employed.
To measure the in-plane components of displacement gradient using shearography requires the measurement of the displacement gradient from a minimum of three directions of the sensitivity vector such that each of the measured components of displacement gradient contains a contribution from the out-of-plane and the in-plane components. The in-plane and out-of-plane components may then be calculated by a coordinate transformation. This coordinate transformation is subject to numerical errors unless the relative positions ofthe sensitivity vectors ofthe measured components are chosen carefully [8] . Also the variation in the sensitivity vector required precludes the measurement of in-plane displacement gradient using shearography from a single illumination and viewing direction.
The applied shear is determined by the direction and magnitude of the tilt applied to the shearing mirror in the shearing interferometer. Two orthogonal directions of applied shear are required to measure the displacement gradient in two directions, usually horizontally and vertically, across the object surface [6] . The magnitude ofthe applied shear controls the measurement sensitivity and is typically ofthe order of2 to 10 mm.
Phase-stepping techniques [3] can be used to extract the phase information, and therefore the displacement gradient, from the speckle interferograms.
Theory -Optical Flow Field Technique
Many image process techniques have been developed over the last decade or so to measure the surface displacement, and the general impression of these techniques is that they all come from the same mathematical process -correlation [4] . Besides the large amount of computational time that is involved, discrete correlation has the following mathematical issues that require further investigation:
. The size ofthe corresponding window is sensitive to the local deformation in the image. A smaller window size could increase the chance of mismatch; however, a larger window would prevent tiny local image deformations from being detected. The detection of small local displacement differences is crucial to the local strain estimation.
. The precision of the displacement estimation is important for the strain estimation since the local strain is the derivative of the local displacement. Working with digital images, interpolation either prior or post to the correlation process needs to be carried out to achieve a sub-pixel accuracy in the displacement gradient estimation. The above issues are the inherent characteristics that could prevent all correlation based displacement estimation techniques from being effectively applied for strain estimation [9,10,1 1].
The Optical Flow Field (OFF) is conventionally defined as the displacement distribution of the apparent motions of the brightness pattern on the image plane of an observer [5] . The OFF technique has developed significantly over the last twenty years.
All of the OFF estimation techniques are based on the assumption that the change in pixel intensity values is due to the motion ofthe speckle pattern, which is the projection ofthe environment. It follows that for corresponding points on the image plane:
E(x, y, t)=E(x+u, y+v, t+At) (1) where E(x, y, t) is the brightness of the point at (x, y) on the image plane at time t, and the time interval separating the images, zlt, is the unit time period. Two statements are combined in equation (1): (a) the projections of the same object point located at (x, y) on the image plane at time t and moved to (x+u, y+v) at time t+zlt, and (b) that the brightness of these two image points should remain constant. Using the chain rule for differentiation, equation (1) may be expanded to give: Eu+Ev+E=O (2) when zlt=1 and where E = , E = and E = . Equation (2) provides only a constraint on the brightness, the brightness constant constraint, on the two unknown parameters u and V. The technique also requires a second constraint, which normally is a smoothness constraint. The smoothness constraint was proposed by Horn and Schunck [5] , and related methods [12] are based on the assumption in which neighbor points on the viewed object have similar velocities and that the velocity field of the image brightness patterns varies smoothly almost everywhere. This is formally expressed by minimizing the square of the magnitude of the gradient of flow velocity. Obviously, only when a rigid object with smooth continuous surface is viewed could this assumption be valid. Fu and Pridmore [13] investigated the problem of a discontinuous surface by proposing a directional smoothness constraint to replace the traditional smoothness constraints. The directional smoothness constraint suggests that the flow field should be smooth over the image, but in terms of its' direction rather than of its' magnitude. This concept has been proved to be much more appropriate for fluid fields which can be considered as completely deformable objects [14] . In the situation where small local deformations need to be measured, we believe that the directional smoothness constraint is more suitable than any other form of numerical constraint to be applied for the analysis procedure.
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A measure ofthe departure from brightness constant smoothness in the image pair is given by: b Eu + Ev + E, (3) Whilst a measure ofthe departure from directional smoothness in the image flow field is given by:
ôy )
The total error to be minimized is therefore: 2J$222+2dy (5) The task of estimating u and v becomes one of minimizing the error measure given in equation (5) . The details of the procedure is given by Fu and Pridmore [13] and the iterative solution is summarized below:
n+1 n n xxn yn t)/x n y n (6) V = -(u 2+1)E (E u +E +E VIE 2v 2+E 2u 2+22 (7) n+1 n n yxn yn t)/xn yn ) 
+ The u and v, are the local weighted average values of u and v, at any arbitrary point p(x, y). The separation distance between p(x, y) and p(x+1, y) is 1 pixel and between p(x, y) and p(x+1, y+1) is pixels. E =!(E(x+1,y,t)_E(x,y,t)+E(x+1,y+1,t)_E(x,y+1,t)
+E(x+1,y,t+1)-E(x,y,t+1)+E(x+1,y+1,t+1)-E(x,y+1,t+1))
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E =(E(xy+1,t)-E(x,y,t)+E(x+y+1,t)-E(x+1,y,t) (11)
+E(x,y+1,t+1)-E(x,y,t+1)+E(x+1,y+1,t+1)-E(x+1,y,t+1)) Et =!(E(x,y,t+1)E(x,y,t)+E(x+1,y,t+1)-E(x+1,y,t)
+E(x,y+1,t+1)-E(x,y+1,t)+E(x+1,y+1,t+1)-E(x+1,y+1,t))
Theory -Multi-Component Surface Strain Measurement
The surface strain is determined from the six components ofdisplacement gradient. Shearography is able to measure all the surface strain components [6] . Speckle pattern photography is able to measure the in-plane displacements from a single viewing direction [4] and these displacements may be differentiated numerically to yield the displacement gradient components &i/x, vThx, 6u/y and v/y. Speckle Pattern 2 ( x z ) 2 y z ) where u and v are in-plane displacements in the x and y directions respectively, and w is an out-of-plane displacement in the z direction. The combined shearography and speckle pattern photography instrument utilises single-axis illumination and viewing. Shearography is used to determine the Sw/dx and 6w/dy components, with a typical measurement range of 500 jt. Speckle pattern photography is used to measure the in-plane components 6u/Sx, 6v/6x, 6u/6y and 6v/6y, with a typical measurement range of 10000
Neither shearography nor speckle pattern photography are able to measure the bulk strain components, 6u/öz, 6v/6z and 6w/öz as both techniques can only determine properties at the object surface.
Experimental
The combined shearography and SPP instrument is composed of an out-of-plane sensitive shearography system, with a facility to perform measurements using two directions of applied shear, with additional software to perform the speckle pattern photography analysis. The experimental layout is shown in Fig. 1 .
Object
Illumination from laser diode, via oitical fibre
PZT controlled 'z:1:IIII:: In the instrument the illumination is arranged to be as close to the normal of the object surface, without obstructing the field of view of the camera. BS, beam-splitter; M5, shearing mirror, MR, reference mirror A fibre Bragg grating stabilized laser diode (810 nm, 100 mW) with fibre beam delivery to the source position was used to illuminate the object. The laser diode output wavelength is stabilized using the light reflected by the fibre Bragg grating feeding back into the laser cavity. The fibre beam delivery provides spatial filtering of the beam and a lens at the distal end of the fibre allows adjustment of the expansion of the beam illuminating the object under investigation. The beam expansion lens was located 600 mm from the object and 90 mm below the normal to the center ofthe object surface. The interferometer head is composed of a shearing Michelson interferometer, a camera lens and a CCD camera. The shearing interferometer is composed of a beam-splitter, a shearing mirror that could be adjusted to give varying magnitudes and directions of applied shear and a reference mirror that was fitted with a piezoelectric transducer (PZT) to allow phase-stepping to be performed. A PC controls the image capture and phase stepping using a program written in LabVffiW.
To perform a measurement of the full surface strain of an object undergoing deformation requires the collection of images before and after object deformation. Initially the shear is applied in the horizontal direction. The object is illuminated using the laser with the interferometer shearing mirror which blocked to prevent the formation of interferometric speckles, a reference SPP image is recorded. The shearing mirror is unblocked and a reference interferometric speckling pattern recorded by the camera. The object is deformed and three phase-stepped interferometric speckle patterns are recorded. These are combined using the LabVffiW program to obtain a wrapped phase map ofthe displacement gradient for that direction of applied shear. The shearing mirror is again blocked and a second SPP image is recorded. The speckle pattern photography images are processed using software written within the Center for Computer Vision and Image Processing. The phase-stepped images recorded by the shearography technique are processing using ISTRA phase unwrapping software [16].
Results
A flat plate test object, which clamped around the perimeter and painted with white paint (Dulux vinyl malt), was deformed using a micrometer screw gauge which located approximately in the center of the field. The deformation had a magnitude of a few micrometers and was normal to the object surface. The speckle patterns recorded before and after deformation, which were used for the SPP analysis, are shown in Fig. 2 . The wrapped phase maps recorded from the shearography instrument are shown in Fig. 3 . Fig. 2 Non-interferometric speckle patterns recorded (a) before and (b) after application of a point displacement, of a few micrometers, normal to the surface of a flat plate test object. These speckle patterns were used to obtain the displacement field, shown in (c), using the SPP analysis technique. The results presented in Fig. 4 are of an area of 150 mm by 150 mm on the surface of the flat plate. The measurement range is from -4000 to +8000 for the 6u/öx and the 6v/6x components. The measurement range is from -1000 to +8000 for the Su/6y and the v/6y components. The measurement range is from -500 uc to +500 forthe w/6x and w/y components. for the 6u/6x and the 6v/6x components respectively. (d) and (e) show displacement gradients between -1000 p (black) and +8000 jc (white) for the 6u/6y and the v/y components respectively. (c) and (1) show displacement gradients between -500 a (black) and +500 (white) for the öw/6x and the Sw/6y components respectively.
Discussion
The combined SPP and shearography technique provides a method to fully characterize the surface strain using illumination and viewing from a single direction, using the same hardware that is required for single channel shearography. The single axis illumination and viewing allows full characterization of surface strain of engineering objects where optical access is insufficient for multi-component shearography [8] to be performed.
This combined SPP and shearography technique also provides independent direct measurements of the individual displacement gradient components. One of the disadvantages of the measurement of displacement gradient using shearography is that in-plane components are determined by combining measurements from two, or more channels. Similarly for SPP the out-of-plane displacement gradient component can determine using a stereoscopic technique, again combining measurements from two channels. These multi-channel measurements are prone to errors due to the coordinate transformation and contain error contributions from the two measured channels. The combined SPP and shearography technique presented in this paper overcomes these difficulties.
Conclusions
In this paper a single-access multi-component surface strain measurement instrument has been demonstrated. The instrument combines the speckle interferometry technique of shearography and the image processing technique of speckle pattern photography to fully characterize the surface strain.
